The accuracy of a new method for measuring ultrasonic backscatter coefficients was tested, using narrow-band pulses and well-defined media having scatterers randomly distributed in space.
respectively, the distance between the transducer face and the "center" of the gated region was restricted to 20 era, and only one size of glass bead scatterers was involved.
In the present work, more extensive tests of the method are reported. The accuracy of the method is again tested using phantoms with well-defined ultrasonic properties, and the results are compared with independent calculations. 2 In addition, the claim that the method is independent of transducer-to-scatterer-volumes distance and of gate duration is tested over a broad range of these parameters. Two different phantom materials were used, the size and concentration of the scatterers being different in each.
The expected accuracy of the data reduction method results from accounting for the physics of the measurement exactly except for one approximation regarding the source distribution on the transducer face and three approximations regarding the scattering medium. z
The transducer source distribution is assumed to consist of a set of equivalent point sources acting in unison and uniformly distributed over an area corresponding to the active element of the transducer. Comparison between this model and experiment shows excellent agreement for axial distances beyond 3 or 4 cm from the transducer face3'4; thus this approximation appears to be an excellent one.
The three approximations made regarding the scattering medium are as follows. First, the wave fronts of the scattered wave from each scatterer are assumed to be spherical in the region of the transducer face. This condition applies only if the scatterers arc monopolar or if the scatterer is sufficiently distant from the transducer face. This approximation is applied to facilitate large-scale savings in computer time by allowing a double integral to be reduced to a single (numerical) integral. Second, it is assumed that the scatterers are randomly distributed in space and that the averge number per unit volume is small enough that the only (apparent) coherent scattering is related to the onset and termination of the time gate. Third, for calculational convenience the data reduction assumes that all scatterers are discrete and identical. (See the Appendix ofRef. ! for a discussion of why coherent scattering is expected to occur at the onset and termination of the time gate. ) Notice that although a(co) and b(co) look similar, they are quite different in that the phase of J is included in the volume integration for b (co), whereas only the modulus of the complex function J(co,r,r) is involved in a(co).
I. THE METHOD OF
When sufficiently long gate durations and pulse durations are used to acquire backscatter waveform data, J(co,r,r) will peak strongly at coo, the center frequency of the pulse. Two new functions can then be defined from Eq. (2) and Eqs. In Tables I and II, The general accuracy for the method of data reduction investigated also creates promise for the development of quantitative operator and instrument independent ultrasound grey scale imaging. In our data acquisition, an electronic time gate was employed. It is quite reasonable, however, to record the entire echo waveform corresponding to transducer-to-scattering-volume distances of, say, 5 through 25 cm. A time gate can then be applied computationally, selecting out any desired transducer-to-scattering-volume distance in that range. The possibility then presents itseft to gather a sufficient number of independent waveforms in order to compute a mapping of backscatter coefficients as a function of position in the interrogated medium. This procedure will require concomittant determinations of attenuation coefficients; such determinations can be included in the data reduction as will be shown in subsequent reports. If the capacity to generate accurate quantitative grey scale images eventually can be achieved, this will represent a considerable advance of ultrasound imaging particularly in that such images would be operator and instrument independent.
Finally, some discussion of the accuracy of the calculated theoretical values for backscatter coefficients is appropriate. Values for the density, compressibility, and Poisson's ratio for the glass beads are parameters in the calculations. The accuracy of these three quantities provided by the manufacturer is difficult to ascertain, particularly since microscopic bubbles were observed in about 30% of the spheres. These bubbles are presumably gaseous as indicated by the apparent large difference in (optical) index of refraction between the material compasing the bubbles and the glass. Even if the density, compressibility, and Poisson's ratio employed in the Faran calculations are correct mean values, the applicability of the Faran theory may be somewhat cornpro-mised since it presumes two homogeneous materials only, that of which the spheres are composed and that of which the surrounding medium is composed. However, in view of the extensive good agreement between theoretical values and our mean experimental results, we believe that both our values and the Faran values are accurate to within 10% or 15 %. Tables I and II and in Figs. 6 and 7, we also come to the most important conclusion that the determination ofbackscattcr coefficients using the method of data reduction employed is accurate over broad ranges of frequencies (1-6 MHz) and transducer-to-scattering-volume distances (5-25 cm). This resuit also opens up the possibility for development of quantitative, operator, and instrument-independent grey scale imaging. Finally, we remind the reader that only narrow-band pulses were involved in the study and that only nonfocused transducers were employed. Investigations using broadband pulses and/or focused transducers are the subjects of future reports.
